Nanowear and viscoelasticity were evaluated to study the nanotribological properties of lubricant films of Z-tetraol, D-4OH, and A20H, including their retention and replenishment properties. For A20H and thick Z-tetraol-coated disks, the disk surface partially protrudes, and the phase lag (tan ) increases with friction. This result is consistent with replenishment of the lubricant upon tip sliding. For the D-4OH-coated disk, the tan value decreases with tip sliding, similar to the case for the unlubricated disk. The durability of the lubricant-coated magnetic disks was then evaluated by load increase and decrease friction tests. The friction force of the unlubricated disk rapidly increases after approximately 30 reciprocating cycles, regardless of the load. The lubrication state can be estimated by mapping the dependence of friction coefficient on the reciprocating cycle number and load. The friction coefficient can be classified into one of four areas. The lowest friction area constitutes fluid lubrication. The second area constitutes the transition to mixed lubrication. The third area constitutes boundary lubrication. The highest friction of the fourth area results from surface fracture. The boundary lubricating area of the A20H lubricant was wide, because of its good retention and replenishment properties.
Introduction
Magnetic recording is accomplished by the motion of a magnetic head relative to a disk. Higher recording densities require that flying heights be as low as possible. High-bitcapacity magnetic disks require an extremely thin lubricant film on the disk surface, but thin lubricant films are prone to local damage during storage. This may lead to tribological problems at the head-disk interface and therefore problems with data reliability. Atomic scale wear and small friction fluctuations can degrade the performance of data storage devices [1, 2] . Improving the tribological durability of magnetic disks is important for the magnetic recording industry. Methods for achieving extremely thin lubricants are therefore important for realizing more reliable magnetic storage devices [3] .
The friction durability of the disk depends on the lubricants properties, such as its retention and replenishment [4] . Good retention enables the lubricant to stick firmly to the surface, which allows a high load-bearing capacity. Good replenishment enables the lubricant to reflow and cover areas depleted after sliding contact between the head and disk. The retention and replenishment of lubricants depend on their interactions with the diamond-like carbon (DLC) film on the surface of the disk [5, 6] . Perfluoropolyether (PFPE) is a polymer consisting of carbon, oxygen, and fluorine. Functionalized PFPE lubricants have been investigated to improve the retention and replenishment of the lubricant on DLC films [7, 8] .
Evaluating basic tribological properties on the nearatomic scale is becoming more important, because of the narrower head-disk separation and thinner lubricant layers employed in high-density recording. Lubricant films exhibit low vapor pressure, good viscosity, high thermal stability, and chemical inertness. These factors constitute attractive tribological properties for reducing friction and wear in rigid magnetic disks. These properties are dictated by the molecular structure of the lubricant, including its amounts and chemical states of carbon, fluorine, and oxygen. Polar hydroxyl groups of the lubricant provide good adhesion to the DLC film, while the hydrophobic PFPE backbone protects the DLC film [4] [5] [6] [7] [8] [9] . The durability of a magnetic disk upon sliding at the head-disk interface is affected by the disks wear properties. Decomposition mechanisms associated with contact sliding have been extensively studied. Understanding the dynamic behavior of lubricants on magnetic disks can clarify the lubrication mechanism at the head-disk interface. Scanning probe microscopies such as atomic force microscopy (AFM) have proven useful for this purpose [10] [11] [12] [13] [14] . The lubricating properties of lubricant-coated magnetic disks and dynamics of the lubricants behavior can be evaluated by force modulation AFM [10] [11] [12] . Deformation before and after nanowear testing and the state of the lubricant can also be evaluated [13, 14] . Lateral force modulation friction testing can evaluate the effect of a lubricant's retention and replenishment on its nanowear properties.
In the current study, nanowear and viscoelastic evaluation tests were performed by AFM, to evaluate the behavior of three lubricants. The durability properties of these lubricants on coated magnetic disks were then investigated. The dependence of friction coefficient on load and reciprocating cycle number were investigated by load increase and decrease reciprocating friction tests. The friction coefficients were classified into four areas, and the dependence of lubricant behavior on durability was evaluated.
Materials and Methods

Lubricants.
Four extremely thin lubricant-coated magnetic disks were used. The lubricants were Z-tetraol (Solvay Solexis Co.), D-4OH (Moresco Co.), and A20H (Moresco Co.) [15, 16] . Their chemical formulas are shown in Figure 1 . The thicknesses of these lubricant films were 1.6 nm. However, 1.6 nm thick and 2.6 nm thick Z-tetraol lubricants were both tested, to clarify the effect of thickness on lubricant behavior. The thickness of the bonding layer of these lubricants is ∼1.0 nm. The difference between the thicknesses of the lubricant and bonding layers corresponds to that of the free layer.
Z-Tetraol is based on a Fomblin Z-type backbone. It has high polarity because of two hydroxyl units at each end, and it strongly adsorbs to the DLC film. Z-Tetraol high polarity and flexible main chain mean that it readily coils into random coil shapes, which increases its molecular height.
D-4OH has a main chain with a repeating demnum backbone structure (-CF 2 CF 2 CF 2 O-) n and two hydrogen radicals at each end. This arrangement realizes high adhesion with a low molecular height. Many terminal OH groups of D-4OH chains reside at the top of the film. A20H has a phosphazene ring structure. The structure of A20H is similar to that of Z-dol, except that one terminal group of Z-dol is replaced with a phosphazene unit. The terminal groups of A20H possess phenoxy and p-methoxy-phenoxy units. Phenoxy groups of A20H spontaneously adsorb on the DLC film, because of interaction with the aromatic (graphitic) part of the DLC film. It follows that attaching a phenoxy group directly to the PFPE chain should result in its spontaneous adhesion to the DLC [15, 16] .
Nanowear and Viscoelasticity
Evaluation. The molecular motion of the lubricant on the DLC surface was investigated, because of its importance in wear and corrosion resistance. Nanowear tests of various lubricant-coated disks were performed using AFM, to evaluate the retention and replenishment of thin lubricant films. The AFM test setup is shown in Figure 2 [17] . The surface viscoelasticity of the lubricant film on the DLC layer was evaluated by dynamic force modulation (DFM), after the nanowear test. A Berkovich diamond indenter was used. It was shaped as an inverted three-sided pyramid, and its tip radius was ∼200 nm. The wear test area was 500 × 500 nm, and the measured scan area was 1000 × 1000 nm. The wear depth was evaluated from the change in the profile and was used to evaluate the viscoelastic properties [18] . The indenter applied vibration in the vertical direction and was scanned across the tested surface. The phase lag (tan ) and displacement of the cantilever tip were calculated from the response of the tip indenter, which had a transducer controller. Viscoelastic properties including the storage modulus, loss modulus, and phase lag were determined. Tests were performed with under loads of 10-50 N, an evaluation load of 5 N, and a frequency of 300 Hz.
Load Increase and Decrease Reciprocating Friction Tests.
Load increase and decrease reciprocating friction tests were carried out to evaluate the tribological properties of the thin lubricant films. A friction tester (Shinto Scientific Co. Ltd. Heidon HHS2000) was used, as shown in Figure 3 . The dependence of the friction coefficient on reciprocating cycle number was evaluated at each load, which was then used to evaluate the friction durability of the lubricant-coated disk. Plots of friction coefficient dependence on load and reciprocating cycle number were used to compare the behaviors of the lubricants. Tests were carried out under a 0-4 N load cycle that was repeated 500 times. The reciprocating distance was 10 mm. Figures 4-8 show the surface profiles and dependence of tan on load, for samples with no lubricant, 1.6 nm thick Z-tetraol, 2.6 nm thick Z-tetraol, 1.6 nm thick D-4OH, and 1.6 nm thick A20H after nanowear tests. All samples exhibit protuberances and grooves. Protuberances are formed at the upper right side and grooves at the bottom left side. The lubricants on the surfaces are moved by friction. The maximum wear depths are all less than 1.6 nm (i.e., the lubricant film thickness). This indicates that these profiles are mainly formed by the movement of lubricant and plastic deformation. Figures 5, 6 , and 7 show protuberances at the beginning of the wear test and grooves at the end, for the A20H, D-4OH, and 1.6 nm thick Z-tetraol samples, respectively. Figure 8 shows that the entire protuberance profile for the 2.6 nm thick Z-tetraol sample is like a gently sloping hill. The tan value can be obtained by dividing the loss modulus by the storage modulus. A high tan value means that the lubricant on the surface increases in viscosity. The state of the lubricant can therefore be evaluated from its profile and tan distribution. Figure 4 shows that the sample without lubricant primarily contains a wear groove on the magnetic disk. The change in the tan value of the test without lubricant is similar to those of the lubricant-coated disks, because of the adsorbed layer on the DLC film. However, the adsorption layer is readily removed by friction, at which point tan quickly decreases. The different behavior of the Z-tetraol films of different thicknesses is shown in Figures 5 and 6 . Under a load of 10 N, the tan value of the 2.6 nm thick Z-tetraol film increases, while the tan value of the 1.6 nm thick Ztetraol film changes a little. The former contains a thick layer of free lubricant, and this layer is quickly restored following movement of the lubricant by friction.
Results and Discussions
Nanowear Tests.
For the A20H lubricant, the tan value also increases with friction. For the 2.6 nm thick Z-tetraol and A20H samples, the tan values of areas containing protuberances and wear grooves increase, compared to areas not subject to friction. This is shown in Figures 6 and 8 , respectively, and demonstrates that the lubricant is replenished in the nanowear area. The tan value of the 1.6 nm thick Z-tetraol sample increases slightly, as shown in Figure 5 . In contrast, the tan value of the D-4OH sample decreases, as shown in Figure 7 . This sample also exhibits the smallest tan value for the protuberance area, among the four tested samples. These decreases in tan values are similar to that of the unlubricated sample. This indicates that D-4OH is poorly replenishing and is readily removed by friction.
The maximum groove depths at loads of 10, 20, and 30 N are shown in Figure 9 . The maximum groove depth for each sample is saturated at this loading. Only the sample without lubricant is appreciably worn at a load of 40 N, because it is subjected to the adsorption of water, oxygen, and hydrocarbons. It is thought that the wear depth of all lubricant layers decreases in the presence of the mobile lubricant and fixed layers on the DLC film.
At a load of 11 N, the wear depths of the 1.6 nm thick Ztetraol and D-4OH samples are ∼0.6 nm. The wear depths of the samples without lubricant and with 2.6 nm thick Ztetraol are ∼0.8 nm. The wear depth of the A20H sample (0.4 nm) is the smallest. This trend changes when the load increases to 20 N. The 2.6 nm thick Z-tetraol sample has the smallest wear depth (∼0.6 nm). The wear depth at the left of the 2.6 nm thick Z-tetraol sample varies from 1.1 to 1.3 nm. When the load increases to 30 N, the 2.6 nm thick Z-tetraol sample exhibits the smallest wear depth of ∼0.8 nm, and that of the A20H sample is 1.1 nm. Loads of 40-50 N result in the 2.6 nm thick Z-tetraol sample exhibiting the smallest wear depth. Wear depth is influenced by the transformation of the mobile layer. This mobile layer is easily removed by friction and then replenishes the sliding area. The 2.6 nm thick Ztetraol sample exhibits good wear resistance, because its thick film readily replenishes the sliding area following friction. In contrast, replenishing by 1.6 nm thick Z-tetraol is poor, and that of the unlubricated disk is nonexistent, so these samples exhibit increased wear depths.
Friction Properties of Lubricants Evaluated by Load
Increase and Decrease Reciprocating Testing. The dependence of friction force on reciprocating cycle number and load was then evaluated. The friction force of disks without lubricant and with 1.6 nm thick Z-tetraol, 2.6 nm thick Z-tetraol, D-4OH, and A20H is shown in Figures 10(a) , 10(b), 10(c), 10(d), and 10(e), respectively. Friction force increases with increasing load. In the absence of lubricant, the friction force rapidly increases early in the test, reaching a peak of 2.3 N after 27 reciprocating cycles at the maximum applied load of 4 N, at which point it becomes saturated. The friction force of the 1.6 nm thick Z-tetraol sample increases from 72 cycles, reaching a peak at 2.2 N after 98 cycles. The friction force of the D-4OH sample increases from 184 cycles and reaches 2.3 N after 210 cycles. The friction force of the 2.6 nm thick Z-tetraol sample increases from 227 cycles and reaches 2.1 N after 265 cycles. Figure 10(e) shows that the A20H sample exhibits low friction for a large number of cycles. The friction force then increases after 393 cycles and reaches 2.3 N after 401 cycles. After the rapid increase in friction, the friction forces of all lubricant-coated disks increase to ∼2.0-2.3 N under a 4 N load, similar to the case without lubricant. The changes in the friction coefficients of samples without lubricant and with 1.6 nm thick Z-tetraol, 2.6 nm thick Ztetraol, D-4OH, and A20H are shown in Figures 11(a), 11(b) , 11(c), 11(d), and 11(e), respectively. The friction coefficients of the lubricant-coated disks are all low at early cycle numbers and then rapidly increase at a certain load and cycle number. The friction durability is determined by the number of reciprocating cycles and load. Figure 12 shows the dependence of friction coefficient on reciprocating cycle number, at a load of 4 N. The friction coefficient increases rapidly for each lubricant-coated disk. The A20H-coated disk exhibits the best friction durability.
Evaluation of Lubricant Behavior from Changes in Friction
Coefficients. Figure 13 shows a detailed plot of the dependence of the friction coefficient on the load and number of reciprocating cycles, from which the endurance of the disk can be gauged. Figure 13(a) shows that the friction coefficient of the unlubricated DLC disk is largely constant with cycle number until 30 cycles, at which point it rapidly increases to ∼0.25. The friction coefficient of the unlubricated disk is largely independent of the load, except at very low load.
At low load and cycle number, the friction coefficient of the D-4OH sample is lower than that without lubricant and then gradually increases with increasing load and cycle number. The friction coefficient plateaus before rapidly increasing. The friction coefficient increases with increasing load. The change in the friction coefficient as a consequence of the lubricant is clearly observed in Figure 13 . Figure 14 shows the different distributions of friction coefficients for the 1.6 nm thick and 2.6 nm thick Z-tetraol samples. The friction coefficient of the former is initially low and then increases rapidly. The latter exhibits lower friction coefficients at higher cycle numbers, before increasing rapidly.
The distribution of the friction coefficients of the A20H sample is shown in Figure 15 abruptly were then analyzed. The boundary lines A, B, and C shown in Figure 15 (a) define four distinct areas (I, II, III, and IV). It is thought that line A represents the change in mobile layer of the main lubricant area. Line B represents the change from the transition area to the bonding layer and DLC thin film. Line C represents the change from the bonding layer and DLC, to the magnetic layer. The friction coefficient increases rapidly after line C. SEM observations show that in this area (area IV) the DLC film is fractured and the magnetic layer is damaged. Line C therefore indicates the durability of the lubricant-coated disk. The effect of the cycle number of each lubricant varies with load, because of the lubricant effect. However, the friction coefficient of the unlubricated DLC increases rapidly with cycle number, regardless of load.
The friction coefficient dependence on load and cycle number is divided into four areas (I, II, III, and IV), by the three contour lines. These areas can be used to evaluate the lubricating state. Figure 16 shows a contour map of each lubricant. The behavior of the lubricant changes when the friction coefficient surpasses a boundary line. Table 1 shows the average, maximum, and minimum friction coefficients of each area, for each lubricant. The friction coefficients of the boundary lines for each lubricant are shown in Table 2 . The friction coefficients can be classified into one of four areas. In area I, the friction coefficient is low because fluid lubrication by free lubricant is dominant. In area II, the friction coefficient transitions from fluid lubrication to boundary lubrication, which is defined as mixed lubrication. In area III, the friction coefficient is saturated. Boundary lubrication occurs from the fixed lubricant and the DLC film. In area IV, the friction coefficient is high because of the removal of the lubricant and DLC film.
Friction durability was evaluated from the boundary line C between areas III and IV. Figure 17 shows the values of the boundary lines for each lubricant. The A20H, 1.6 nm thick Z-tetraol, and 2.6 nm thick Z-tetraol samples exhibit similar trends. Cycle number is inversely proportional to load for boundary line A. Boundary lines B and C show similar trends, but the rate of change with load is smaller. The cycle number of boundary line C decreases until 1.5 N, at which point it becomes saturated. Boundary line C corresponds to a rapid increase in friction coefficient at a given cycle number. The rapid increase in the friction coefficient at line C corresponds to DLC fracture without lubricant, as shown in Figure 13(b) .
For the A20H sample, the cycle number is large for boundary line A under fluid lubrication by the mobile layer. Figure 18 shows the difference in reciprocating cycles for each boundary line. These values correspond to the fluid lubrication area (area I), transition area (area II), and boundary lubrication area (area III). These areas are defined by line A, line B-line A, and line C-line B, respectively. The 2.6 nm thick Z-tetraol sample exhibits better durability than the 1.6 nm thick sample. The cycle number of the 1.6 nm thick Z-tetraol sample is low in the fluid lubrication, mixed lubrication, and boundary lubrication areas. The 2.6 nm thick Ztetraol sample exhibits a higher cycle number in the boundary lubrication area (area III) than that of the 1.6 nm thick Ztetraol sample. It can be deduced that free lubricant replenishes the friction area, and the state gradually changes from fluid lubrication to boundary lubrication. The effect of the supply of free lubricant is small for the D-4OH sample. However, the boundary lubricant state is effective, and lubricant is retained until reaching a high load. This result is consistent with the previous nanowear results showing good retention of the D-4OH lubricant, despite its small replenishment. This suggests that the D-4OH lubricant has excellent adhesion and high stiffness, because of the properties of its main chain.
The A20H sample exhibits the best friction durability. This is confirmed by the result that the change in friction coefficient varies from 400 cycles at 4 N to 450 cycles at 0.5 N, as shown in Figure 17 (c). It is thought that its excellent friction durability is because the fluid lubrication of the mobile layer (area I) and boundary lubrication (area III) are very wide. The A20H sample exhibits good durability, which is attributed to the action of the mobile layer and bonding layer, as shown in Figure 18 .
The 2.6 nm thick Z-tetraol sample exhibits good wear resistance in the nanowear test. Macroscopic examination suggests that the durability of the 2.6 nm thick Z-tetraol sample is inferior to that of the A20H sample. The difference between the macroscopic examination and nanowear test results reflects the test conditions. The AFM test involves a small 500 × 500 nm sliding area, in which the lubricant is easily replenished. The thick free lubricant layer of the 2.6 nm thick Z-tetraol sample shows excellent nanowear resistance because of this replenishment.
Conclusions
Nanowear and viscoelastic evaluation tests were performed to study the retention and replenishment of lubricant films on magnetic disks. The durability and behavior of the lubricant films were then evaluated by load increase and decrease friction tests. The main conclusions are as follows:
(1) The 1.6 nm thick A20H and 2.6 nm thick Z-tetraol samples exhibit excellent nanowear properties, and these lubricants are replenished following friction. The supply of lubricant to the friction area decreases the nanowear. In contrast, the 1.6 nm thick Z-tetraol and D-4OH lubricants are easily removed by sliding. The D-4OH lubricant exhibits poor replenishment but excellent retention. (2) Changes in the friction coefficient with lubrication state can be estimated from friction coefficient maps. The map of the friction coefficient dependence on reciprocating cycle number and load can be divided by three boundary lines, and these three lines define four friction coefficient areas. Area I constitutes fluid lubrication by the mobile layer. Area II is transition to mixed lubrication. Area III is boundary lubrication. Area IV has a high friction coefficient because of fracture of the DLC surface.
(3) The rapid increase in the friction coefficient at certain cycle numbers and loads was evaluated. The friction durability is determined by these conditions. The A20H and 2.6 nm thick Z-tetraol samples exhibit good durability, which is consistent with the nanowear results. The friction coefficients of the A20H-coated disk are stable, and its friction durability is superior to the samples. Areas I (fluid lubrication) and III (boundary lubrication) of the A20H sample are wide, because of its good retention and replenishment. The superior properties of the A20H sample are consistent with AFM observations of the mobile and bonding layers.
